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ABSTRACT
We have performed the first detailed simulation of the horizontal branch of the Sculptor dwarf spheroidal galaxy by means of synthetic
modelling techniques, taking consistently into account the star formation history and metallicity evolution as determined from the
main sequence and red giant branch spectroscopic observations. The only free parameter in the whole analysis is the integrated mass
loss of red giant branch stars. This is the first time that synthetic horizontal branch models, consistent with the complex star formation
history of a galaxy, are calculated and matched to the observations. We find that the metallicity range covered by the star formation
history, as constrained by observations, plus a simple mass loss law, enable us to cover both the full magnitude and colour range of HB
stars. In addition the number count distribution along the observed horizontal branch, can be also reproduced, provided that the red
giant branch mass loss is mildly metallicity dependent, with a very small dispersion at fixed metallicity. The magnitude, metallicity
and period distribution of the RR Lyrae stars are also well reproduced. There is no excess of bright objects that require enhanced-He
models. The lack of signatures of enhanced-He stars along the horizontal branch is consistent with the lack of the O-Na anticorrelation
observed in Sculptor and other dwarf galaxies, and confirms the intrinsic difference between Local Group dwarf galaxies and globular
cluster populations. We also compare the brightness of the observed red giant branch bump with the synthetic counterpart, and find a
discrepancy – the theoretical bump being brighter – similar to what is observed in Galactic globular clusters.
Key words. galaxies: dwarf – galaxies: evolution – galaxies: stellar content – Hertzsprung-Russell and C-M diagrams – stars: hori-
zontal branch
1. Introduction
The Horizontal Branch (HB) is a luminous feature seen in the
Colour-Magnitude Diagrams (CMDs) of all galaxies and glob-
ular clusters, corresponding to the central He-burning phase of
low mass stars. Its shape – in a given bandpass combination –
varies significantly, with an obvious dependence upon the age
and metallicity range of the stellar populations of the system.
However, several detailed investigations of the HB morphology
in globular clusters have since long demonstrated that age and
metallicity alone do not allow a unique interpretation of the HB
(see, e.g., Dotter et al. 2010, for a recent study, and references
therein).
The most critical problem is that it is not possible to predict
from first principles the mass loss during the Red Giant Branch
(RGB) phase, which determines the location along the HB for
a star with a fixed initial mass and chemical composition. Other
factors, such as the initial helium abundance, also appear to play
a crucial role in determining the form of the observed HB in
Galactic globulars (see, e.g., Rood 1973; D’Antona et al. 2002;
Dalessandro et al. 2011, and references therein). The role played
by He appears to be related to the recently emerged new picture
of the globular cluster origin and evolution, whereby each clus-
ter hosts first generation (FG) stars with normal He (mass frac-
tion roughly equal to the cosmological He abundance) and α-
enhanced metal mixtures, and second generation objects with C-
N, O-Na (and sometimes Mg-Al) anticorrelations and enhanced
He (see, e.g. Gratton et al. 2012, and references therein for a re-
view).
So far both these critical parameters – RGB mass loss
and initial He of individual stars – have proven hard to mea-
sure (see, i.e., Origlia et al. 2002; Villanova et al. 2009, 2012;
Dalessandro et al. 2013, for some determinations on a small
sample of globular clusters), and thus the HB is usually carefully
avoided in the interpretation of either the age or the metallicity
properties of a resolved stellar population.
This is particularly unfortunate for the study of the ancient
(>10 Gyr old) stellar populations in nearby galaxies. These pop-
ulations are the fossil record of the early stages of galaxy evo-
lution, and provide crucial information about the epoch of for-
mation of cosmic structures. The standard age diagnostics for
these stars are to be found at faint magnitudes in a CMD, com-
pressed into the oldest main sequence (MS) turn off region. This
region of the CMD, apart from being small (in terms of magni-
tude and colour extension) and thus very sensitive to photomet-
ric errors, may also contain overlapping younger populations.
Also, the age-metallicity degeneracy, although much better be-
haved than on the RGB, may still create problems in determin-
ing a unique solution for the ages and metallicities of the ancient
stars.
Stellar evolution suggests that, at least in principle, the de-
tailed properties of stars older than ∼10 Gyr could be recovered
by analyzing the much more luminous and extended HB, if only
its morphology could be sorted out in terms useful for under-
1
M. Salaris et al.: The Horizontal Branch of the Sculptor Dwarf galaxy
standing the relation to the star formation history and metallicity
evolution of the galaxy.
The purpose of this work is to see whether it is possible to ac-
curately model the resolved HB of the Sculptor dwarf spheroidal
galaxy taking into account its past star formation history (SFH
– Here we denote with SFH the star formation rate as a func-
tion of age and metal content). Sculptor has an exceptionally
detailed SFH determination – derived without considering the
HB – obtained by combining CMD analysis with detailed spec-
troscopic metallicities along the RGB (de Boer et al. 2012). We
also use the well measured RR Lyrae properties and the opti-
cal CMD of non variable objects, as constraints to determine the
best synthetic HB populations that match the observed CMD,
using BaSTI stellar models Pietrinferni et al. (2004, 2006). The
only free parameter in our analysis is the total amount of mass
lost along the RGB, given that age and metal abundance distri-
butions are fixed by the SFH. To the best of our knowledge this is
the first time that a complete and detailed modelling of the HB of
a resolved galaxy has been performed; our investigation is there-
fore a first step to assess the potential of synthetic HB modelling
to add further constraints on a galaxy SFH, an issue particularly
important when studying galaxies so distant that only RGB and
HB stars can be resolved.
Any mismatch between the observed and predicted magni-
tude distribution along the HB may be a signature of the presence
of enhanced-He populations – the counterpart of second gener-
ation stars in Galactic globulars – not included in the SFH de-
terminations. This will provide an important additional piece of
information regarding the comparison of photometric and chem-
ical properties of dwarf galaxies and globular clusters. To date,
comparisons of chemical abundance patterns between Galactic
globulars and dwarf galaxies reveal that these latter lack the
abundance anticorrelations (e.g. O-Na) typical of second gener-
ation stars in individual globular clusters (see, i.e., Geisler et al.
2007), that are associated to varying degrees of He enhancement
(see, i.e., Pasquini et al. 2011). By enhanced-He populations we
mean stars born with initial He mass fractions (Y) larger than the
cosmological He abundance Y=0.246 (see Coc et al. 2013, for a
recent reevaluation). The BaSTI models employ initial Y values
that scale with the metal mass fraction Z as dY/dZ∼1.4, derived
by considering a cosmological Y=0.245 and the initial solar Z
and Y as derived from a calibration of the standard solar model
(see, e.g. Pietrinferni et al. 2004). In the metallicity regime of
Sculptor the resulting Y values are practically constant – rang-
ing between 0.245 and 0.248 – and essentially equal to the cos-
mological He. It is important to notice that the determination of
the SFH – see next section – employed the same dY/dZ scaling,
hence approximately the cosmological He, across the whole Z
range covered by the galaxy population.
The RGB mass loss law derived from the HB modelling –
eventually a function of initial metallicity and/or age – will also
provide baseline values to be compared with analogous determi-
nations on globular clusters, and to be tested on the HB of other
dwarf galaxies. As a byproduct of our investigation we will com-
pare in the appendix the observed difference between RGB bump
and HB magnitudes, with the theoretical prediction based on the
galaxy SFH, and verify whether a discrepancy exists, as found
in Galactic globulars (see, e.g., Di Cecco et al. 2010).
The paper is structured as follows. Section 2 describes briefly
the data and the SFH used in this investigation, whilst the next
two sections present our synthetic HB analysis and results, fol-
lowed by our conclusions.
2. Data
The Sculptor dwarf galaxy is well known to contain a predom-
inately old stellar population (see, e.g., Da Costa 1984), so the
contamination of populations <10 Gyr old along the MS and
overlapping the HB is minimal. Early work on the Sculptor HB
by Majewski et al. (1999) was mainly qualitative and made use
of simple ZAHB fitting, to assess the galaxy metallicity distribu-
tion. It was later confirmed that the red and blue HBs in Sculptor
exhibit differences in spatial distribution that correspond to dif-
ferences in ages and metallicities within the oldest population
(Tolstoy et al. 2004; de Boer et al. 2011). These previous works
simply highlighted that the HB is complex, and age and metal-
licity spreads play a role in creating the complexity.
A healthy HB extended in colour from the red to the blue in-
dicates that a significant number of RR Lyrae variable stars must
populate the instability strip, as is observed. The most complete
survey to date comes from Kaluzny et al. (1995), where 226
RR Lyrae stars were identified and their light curves classified.
Their properties are consistent with a spread in metallicities, and
[Fe/H]< −1.7. This was confirmed by Clementini et al. (2005)
low resolution spectroscopy of 107 variables, which showed
the metallicity to peak at [Fe/H]∼ −1.8, with a range covering
−2.40 < [Fe/H] < −0.8.
For the accurate modelling of the resolved HB of the
Sculptor dwarf spheroidal, we make use of a deep optical B,V
CMD presented in de Boer et al. (2011). In the V-(B-V) CMD
the HB is the most horizontal, hence most sensitive to potential
He variations. The observed HB extends to (B-V)∼0 in the blue,
and even at these colours a change of Y (at fixed Z) affects both
the luminosity of the zero age HB (ZAHB) and the luminosity
of the end of the HB phase, thus enabling to test the presence of
enhanced-He stars also along the bluest part of the galaxy HB.
The photometry was obtained using the CTIO 4-m MOSAIC
II camera, and carefully calibrated using observations of Landolt
standard fields (Landolt 2007, 1992). This resulted in an accu-
rate photometric catalogue, covering a region ranging from the
Sculptor centre out to an elliptical radius rell≤1 deg. The HB of
Sculptor can be seen not have an extended blue tail in the optical,
and the hottest Teff is lower than the observed limit (∼ 12000 K)
for the onset of radiative levitation.
The synthetic HB calculations also make use of the de-
tailed SFH of Sculptor determined by de Boer et al. (2012).
This SFH is obtained using the same optical photometry pre-
sented in de Boer et al. (2011), combined with detailed spec-
troscopic metallicities along the RGB, not using the observed
HB stars. The distance modulus (m −M)V=19.72 and redden-
ing E(B-V)=0.018 used in the SFH determination are also em-
ployed in the HB modelling. This SFH determination uses the
DSEP stellar evolution models (Dotter et al. 2008) – that employ
the same value as BaSTI for the cosmological He, and a very
similar dY/dZ∼1.5, that produces essentially the same initial Y
for Sculptor metallicity range – and there is good agreement be-
tween the Sculptor SFH determined with DSEP or BaSTI mod-
els, as also shown by (de Boer et al. 2012).
The SFH is provided for 5 annuli, extending from the
centre out to a radius rell=1 deg. The region of interest
for our simulation comprises the innermost two annuli, with
rell ≤0.183 deg, that include the survey of RR Lyrae vari-
able stars by Kaluzny et al. (1995). The adopted star formation
rate within rell ≤0.183 deg is displayed in Figs. 2 and 13 of
de Boer et al. (2012); it is provided in terms of solar masses per
year in 1 Gyr age bins, between 5 and 14 Gyr. Broadly speaking,
the star formation rate peaks in the oldest age bin, and then de-
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clines slowly with time; it reaches half the peak value between
9 and 10 Gyr ago, and decreases down to zero between 5 and
6 Gyr ago. The low star formation rate means that the age bins
between 5 and 8 Gyr have a negligible impact on the resulting
synthetic HB.
For each age bin the SFH is further subdivided into 8 [Fe/H]
bins 0.2 dex wide, covering the range between [Fe/H]=−2.5
and −0.9. The mean value of [Fe/H] increases slowly with the
mean age of the population. A range of [α/Fe] values (0.2 or
0.3 dex wide) is associated to each [Fe/H] bins (see Fig. 2 of
de Boer et al. 2012). The values of [α/Fe] decrease slowly with
increasing [Fe/H] and are generally positive, but for the more
metal rich bins, where [α/Fe] also reaches negative values down
to −0.2 dex for the higher [Fe/H] bin.
The properties of RR Lyrae stars are taken into account us-
ing Kaluzny et al. (1995) survey in the centre of Sculptor. The
survey employed many short expsoure images covering a wide
range in time to identify the RR Lyrae stars in the central re-
gion of Sculptor and determine the light curve profiles. Their
sample can be considered complete in terms of photometric and
temporal sampling of the variable objects on the HB. Intensity-
weighted magnitudes are provided in the V band, averaged over
the pulsation period of each pulsator. Furthermore, to prevent
contamination of non-variable HB features by the presence of
variable stars at random phase, we have identified and removed
the confirmed RR Lyrae variable stars from de Boer et al. (2011)
data – being taken at random phase, these objects were scattered
to the blue, red and within the instability strip – based on spatial
position. Due to the square field of view of the Kaluzny et al.
(1995) fields, compared to the elliptical region considered here,
the area covered by the SFH is ∼30% larger than the area for
which RR Lyrae measurements are available. Therefore, we will
apply a 30% reduction of the number of synthetic stars in the in-
stability strip, in comparisons with the observed RR Lyrae pop-
ulations, to account for the different size of the area covered by
Kaluzny et al. (1995) observations. This also implies that there
could be a relatively low number of undetected RR Lyrae vari-
ables taken at random phase (about 70 at most) scattered along
and around the HB, that however do not affect appreciably the
number distributions used for our analysis. As suggested by the
referee, we have performed the full analysis described in the next
sections also for the objects with rell ≤0.116 deg, e.g., within the
innermost region of de Boer et al. (2012) SFH determinations.
This reduces by a factor ≈2 the observed number of HB ob-
jects used in the analysis. In this case Kaluzny et al. (1995) field
covers the whole region, implying that the RR Lyrae sample is
essentially complete and also all variables can be removed from
de Boer et al. (2011) photometry. The results we obtain are com-
pletely consistent with what found for the case of rell ≤0.183 deg,
that will be detailed in the next sections.
3. Methods
We describe in this section the methods employed in our theo-
retical modelling of Sculptor HB.
3.1. Synthetic CMD generation
In a complex old stellar population, the morphology of the
HB will depend on both the chosen RGB mass loss and
the input SFH. For this reason we have completely rewritten
the BaSTI synthetic CMD generator (SYNTHETIC MAN –
Pietrinferni et al. 2004) to account for both a generic SFH and
an arbitrary RGB total mass loss. The code now produces a full
synthetic CMD that includes also – for old populations – a HB
of arbitrary morphology.
Briefly, the code reads first the full grid of models – tracks
from the MS to the tip of the RGB and HB tracks – from the
BaSTI database for varying Z and a scaled solar metal distribu-
tion (Pietrinferni et al. 2004), and the SFH of the population –
in our case the SFH by de Boer et al. (2012). For each age and
[Fe/H] bin the synthetic CMD generator first draws randomly a
stellar mass mi, within the range 0.1 and 120 M⊙ (for consis-
tency with de Boer et al. 2012), according to a Kroupa (2001)
initial mass function. A value of the age ti and [Fe/H]i are then
drawn randomly according to uniform probability distributions
(in agreement with the derivation of the SFH by de Boer et al.
2012), within the ranges associated to the selected age and
[Fe/H] bin. In addition, a value of [α/Fe]i is also drawn ran-
domly (uniform probability distribution) within the range pre-
scribed by the SFH for the selected age and [Fe/H] bin.
If the model corresponding to mi and the selected metal
composition has a lifetime at the first thermal pulse or at car-
bon ignition – the relevant age range for Sculptor SFH is fully
covered by the BaSTI models – shorter than ti, the star won’t
appear in the synthetic CMD, and a new set of mi, [Fe/H]i,
[α/Fe]i and ti is drawn. We remark that for a given [Fe/H]i
and [α/Fe]i we consider scaled solar models with total metallic-
ity [M/H] ∼ [Fe/H] + log(0.638 10[α/Fe] + 0.362), that closely
mimic models with the same [M/H] and varying [α/Fe] in the
low mass, low metallicity regime covered by the stars currently
evolving in this galaxy (Salaris et al. 1993).
If the lifetime of the model with mass mi is larger than ti, and
ti is smaller than the model age at He-ignition, interpolation in
age and Z amongst the BaSTI tracks will determine the CMD lo-
cation of this synthetic star. If ti is larger than the lifetime at He-
ignition, but smaller than the lifetime at the first thermal pulse,
the code subtracts from mi a specified value of the total mass loss
along the RGB ∆MRGB, to provide a value for mi,HB, e.g., the HB
mass of the synthetic star with initial mass mi. Interpolations in
mass, Z and age amongst the BaSTI HB tracks provide the CMD
location of the synthetic star.
Finally, the synthetic magnitudes determined with the de-
scribed procedures, are perturbed by a mean Gaussian photomet-
ric error to approximate the observational error of de Boer et al.
(2011) data. For the magnitude range of the HB stars, the typical
1σ photometric uncertainty of non-variable stars is ∼0.007 mag
in B and V.
The values of mi are added, until the total mass of stars
formed in each SFH bin satisfies the derived star formation rates.
We have often arbitrarily multiplied the star formation rates in
each bin by constant factors, to have a larger population of HB
stars and minimize the Poisson noise in the simulations.
It is clear from this brief sketch of the synthetic CMD cal-
culation, that the only free parameter entering our analysis is
∆MRGB.
3.2. Modelling RR Lyrae stars
For the RR Lyrae stars observed by Kaluzny et al. (1995) only
the mean V magnitudes of individual pulsators are available.
Therefore, we had to employ theoretical determinations of the
instability strip (IS) colour boundaries in our synthetic CMDs,
together with the pulsational equation (Di Criscienzo et al.
2004b) that provides the fundamental period (P) of a syn-
thetic object as a function of its mass, metallicity, bolomet-
ric luminosity and effective temperature. First overtone peri-
ods (PFO) are related to the fundamental ones by the relation
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Fig. 1. Synthetic (top) vs observed (bottom) CMD for the region
in Sculptor dwarf spheoridal within rell < 0.183 deg. The syn-
thetic CMD has a number of HB stars close to the observed num-
ber (see text for details of the simulation). The three boxes (red,
intermediate and blue) mark the three areas where star counts are
compared with the simulations. The empty (blue) circles with
dot represent the RR Lyrae stars found in the simulations. The
observed RR Lyrae stars (as they are taken at random phase)
are excluded from the bottom panel CMD. There are some non-
pulsating stars in both synthetic and observed samples, located
between the red and intermediate blue boxes (see text for de-
tails).
P=PFO+0.13 (Di Criscienzo et al. 2004b). The boundaries of the
fundamental (F) and first overtone (FO) strips were taken from
Di Criscienzo et al. (2004b), with small adjustments – within
the quoted theoretical uncertainties – to account for the empir-
ical constraints given by the period distribution determined by
Kaluzny et al. (1995), that poses strong constraints on the width
of the IS. As an example, if the theoretical red boundary is too
red, the synthetic objects reach too long periods. We have there-
fore adjusted the boundaries of the F and FO regions in order to
match as well as possible the period range covered by the ob-
served F and FO pulsators. When using the standard IS bound-
aries provided by Di Criscienzo et al. (2004b) from calculations
with mixing length ml=1.5Hp, the synthetic objects reached too
long periods. This constraint forced us to consider a larger value
of ml in the pulsational results, and that shifts the red edge of the
FF region to hotter temperatures, and lowers the upper boundary
of the F periods. Thus we have employed the derivatives pro-
vided by Di Criscienzo et al. (2004b), to determine the IS edges
at varying ml. However, an increased ml tends to move the blue
edge of the FO region to the red, narrowing down too much the
portion of the IS populated by FO pulsators. We therefore fur-
ther adjusted the F and FO boundaries at fixed ml, within their
nominal uncertainties of the order of ±50-100 K (Marconi et al.
2003).
The final V magnitudes of the synthetic stars that lie within
the IS will be compared to the RR Lyrae observations (their
mean V magnitudes) by Kaluzny et al. (1995) paper. The pho-
tometric uncertainty on the V magnitude of the observed vari-
ables is greater then the photometric uncertainty of de Boer et al.
(2011) data, due to the shorter exposure times employed by
Kaluzny et al. (1995). In the comparison with the RR Lyrae V
distribution, to match the observational conditions of these data,
the V magnitudes of the synthetic stars that lie within the IS have
been perturbed by a Gaussian photometric error with σ=0.05
mag, as determined from Fig. 1 of Kaluzny et al. (1995).
3.3. Comparing models and observations
The bottom panel of Fig. 1 displays the observed HB, divided
into three regions, delimited by rectangular boxes, that we de-
note as red, intermediate and blue. These boxes contain, respec-
tively, 457, 194, and 401 stars. The bluer boundary of the red box
and the red boundary of the intermediate box have been drawn at
the approximate colours of the boundaries of the instability strips
in Galactic globular cluster CMDs. The region between the red
and intermediate box contains mainly RR Lyrae variables, but
also a few non variable stars displayed in the CMD1. We con-
sidered a synthetic HB model for a given ∆MRGB choice to be
satisfactory match to the observations when:
1. the relative number of stars in the three boxes and within the
region containing the RR Lyrae IS is reproduced within the
Poisson uncertainty;
2. the observed mean V-magnitude of the non variable stars in
each of the three boxes is matched within 0.01 mag;
3. the total (B-V) extension of the observed HB is well repro-
duced.
When these conditions were satisfied, we also checked that
there was general agreement with the overall shapes of the his-
tograms of observed star counts as a function of both V and (B-
V) for the non variable stars, and with the mean level of the RR
Lyrae brightness (averaged over a pulsational cycle).
Two points must be mentioned regarding these additional
constraints.
First, we could in principle have enforced the constraint
of perfect statistical agreement between the theoretical and ob-
served star counts as a function of both V magnitude and colour
for the non variable objects. However, a perfect fit depends on
a precise knowledge of the functional dependence of ∆MRGB
(and eventually the initial Y) on one or more stellar parameters.
Given the current lack of solid theoretical and empirical guid-
ance, this dependence may be extremely complicated, discontin-
uous or involving additional physical processes not included in
stellar models. We have therefore used simple parametrizations
that, as we will see in the next section, produce synthetic CMDs
that are able to satisfy our three main criteria listed above. In this
way we put strong constraints on ∆MRGB and Y.
Regarding the RR Lyrae mean magnitudes, they were deter-
mined from independent observational data. The calibrated V
magnitudes have a maximum zero point systematic uncertainty
of ∼0.03 mag, according to Kaluzny et al. (1995), whilst this
1 In case of our simulations for the innermost region with
rell ≤0.116 deg, that is fully covered by Kaluzny et al. (1995) RR Lyrae
observations, we find also some stars in the CMD region between red
and intermediate boxes. This strenghtens the case for the small number
of objects with rell ≤0.183 deg lying in the same CMD region, to be
mostly non-variable stars, rather then – another viable possibility – RR
Lyrae objects taken at random phase and not covered by Kaluzny et al.
(1995) field of view
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Fig. 2. [Fe/H] as a function of (B-V) for the best fit synthetic HB
sample. Dots (filled circles) denote stars with age equal or larger
(smaller) than 10 Gyr. (see text for details).
uncertainty is much smaller for the non variable star photome-
try (de Boer et al. 2011). Given a possible small zero-point mis-
match between the two photometries, we have simply checked
that, when the main criteria were satisfied, the mean level of
the synthetic RR Lyrae sample matched the observed one within
the uncertainty on the relative zero-point of the two photome-
tries. As a final, albeit weaker consistency check, we also com-
pared the predicted and observed period distributions, and the
predicted RR Lyrae [Fe/H] distribution, with the spectroscopic
observations of Clementini et al. (2005).
4. Results
We have calculated several synthetic CMDs, each one with typ-
ically much larger numbers of stars than observed – by scal-
ing appropriately the SFH – to minimize the Poisson error on
the synthetic star counts. For each test we fixed ∆MRGB, and
checked the agreement between synthetic and observed HB mor-
phology. As a zero order approximation, we tried with a stan-
dard Gaussian ∆MRGB and mean value (and 1σ spread) inde-
pendent of [M/H] and age. This mass loss prescription did not
match the observations, for any choices of the mean value and
σ spread around the mean. Also the use of a uniform probabil-
ity with varying mean values and σ spread, both independent of
[M/H] and age did not help. The analysis of these failed attempts
demonstrated that ∆MRGB must be made dependent on [M/H],
and also that only a small dispersion around these metallicity
dependent mean values is consistent with the observations.
The simulations that matched the observed HB according to
the criteria described in the previous section had a Gaussian dis-
tribution of ∆MRGB with mean values:
1. < ∆MRGB >=0.10M⊙, for [M/H] < −1.8
2. < ∆MRGB >=0.14M⊙ , for −1.8 ≤ [M/H]≤ −1.6
3. < ∆MRGB >=0.14 - 0.15M⊙ , for −1.6 < [M/H]≤ −1.4
4. < ∆MRGB >=0.14 - 0.16M⊙ , for −1.4 < [M/H]≤ −1.3
5. < ∆MRGB >=0.16M⊙, for [M/H]> −1.3
and a very small dispersions, also metallicity independent,
σ=0.005 M⊙. We determined < ∆MRGB > taking into account
the error bars on the best-fit star formation rates – as provided
by de Boer et al. (2012) – hence the range of values for −1.8 ≤
[M/H]≤ −1.3. In the other metallicity ranges the uncertainty on
the star formation rates causes < ∆MRGB > variations below
0.01M⊙. All discussions and figures that follow display results
obtained from simulations with the best-fit value of the star for-
mation rate.
In place of step functions for < ∆MRGB > vs [M/H] we tried
also linear or quadratic analytical expressions as a function of
only [M/H] or both [M/H] and age, but the match to the obser-
vations got generally worse.
Although the Reimers law (Reimers 1975) – still widely em-
ployed to calculate RGB mass loss rates – predicts slightly in-
creasing values of < ∆MRGB > at increasing metallicity, when
the free parameter η that enters Reimers formula is kept fixed,
the variations necessary to model Sculptor HB are larger. To this
purpose, using the BaSTI models, we checked how our derived
< ∆MRGB > values can be transposed into values of the parame-
ter η. For [M/H] < −1.8 < ∆MRGB > is slightly higher than what
predicted by η=0.2 (that provides integrated RGB mass loss val-
ues between 0.06 and 0.07M⊙, depending on the age), whilst for
[M/H]> −1.8 < ∆MRGB > is close to what is predicted by η=0.4.
With this mass loss calibration the mean V magnitudes in
the red, intermediate and blue boxes are equal to, respectively,
20.20, 20.25 and 20.33, identical within 0.01 mag to the ob-
served values. The mean brightness of the RR Lyrae IS is within
0.03 mag (the simulation being fainter) of the observed value,
equal to 20.14 mag. The top panel of Fig. 1 displays one re-
alization of the HB, without scaling the galaxy SFH. The total
absolute number of HB objects and the absolute number counts
(not just the relative ones) in the three boxes and the region of
the IS turn out to be equal – within the Poisson errors on the
star counts – to the observations (again, considering the scaling
factor for the limited area of the observed RR Lyrae population).
This is an extremely important independent check of the derived
star formation rates.
Figure 2 displays [Fe/H] (more directly linked to observa-
tions than [M/H]) as a function of (B-V), for the HB stars in
the simulation of Fig. 1. There is a general trend of decreas-
ing [Fe/H] with decreasing colour, in agreement with the early
analysis by Majewski et al. (1999) that made use of ZAHB fit-
ting to the observed HB. However, the [Fe/H] dispersion at
a given (B-V) is very large. If we split the synthetic sample
into objects older than 10 Gyr and younger ones, we obtain
[Fe/H] = 1.46 (B − V) − 2.29 for the old sample, and a much
steeper dependence [Fe/H] = 2.80 (B − V) − 3.10 for the young
objects, as is also clear from Fig. 2. The dispersion of [Fe/H]
around these mean relationships is equal to 0.31 dex for the old
sample, and 0.18 dex for the young one.
Figures 3 and 4 compare observed and synthetic star counts
as a function of V and (B-V), respectively. Here we used simu-
lations with a much larger number of objects than observed, and
rescaled the star counts appropriately, to compare with observa-
tions.
The overall shape of the theoretical histograms reproduces
very closely the observed one. The comparison is worse for the
star counts as a function of colour in the red box. It is remark-
able that the magnitude distributions, very sensitive to the initial
chemical composition, are well matched by the simulations, not
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Fig. 3. Observed (solid black line and filled circles) vs synthetic
star counts (red line) as a function of the V magnitude in the
(from left to right) blue, intermediate and red boxes, respectively
(bin size of 0.05 mag for stars in the red box and 0.03 mag for the
other two samples). Poisson errors on the observed star counts
are also displayed.
Fig. 4. As Fig. 3, but for the (B-V) colour (bin size of
0.015 mag).
just the mean values of V in the three boxes. There is no sig-
nificant excess of stars brighter than what is predicted by the
simulations, hence there is no clear evidence of He-rich stars.
We now consider comparisons with the RR Lyrae IS, for
which not only mean V magnitudes, but also [Fe/H] estimates
Fig. 5. As Fig. 3, but for the RR Lyrae population (bin size of
0.04 mag).
from Clementini et al. (2005) are available, to provide an ad-
ditional consistency check of the HB simulations. These au-
thors determined [Fe/H] for about half of the variables ob-
served by Kaluzny et al. (1995), using a revised version of the
∆S method (Preston 1959), calibrated on both the Zinn & West
(1984) and Carretta & Gratton (1997) (hereafter ZW and CG, re-
spectively) globular cluster [Fe/H] scales. Typical errors on in-
dividual [Fe/H] estimates are equal to ∼0.15 dex.
Figure 5 compares observed and synthetic RR Lyrae star
counts as a function of V. The overall shapes of the histograms
are very similar, with just a slight offset of the synthetic sam-
ple towards fainter magnitudes, as indicated by the mean bright-
ness, fainter by 0.03 mag. This offset is equal to the estimated
maximum zero point error on the calibration of the observations
(Kaluzny et al. 1995).
Period (data from Kaluzny et al. 1995) and [Fe/H] distribu-
tions for the sample of variables are displayed in Fig. 6. The the-
oretical star counts have been rescaled to account for the smaller
number of objects with [Fe/H] determinations, compared to the
photometric sample of RR Lyare stars. The fit to the period dis-
tribution is not perfect even after tuning – within the constraints
imposed by pulsational models – the boundaries of the IS to
match as well as possible the range covered by the observations.
Only an ad hoc tuning of the F and FO boundaries would pro-
vide a better match. As noticed by Di Criscienzo et al. (2004a),
the IS boundaries would be probably better determined with a
lower ml for FO pulsators compared, to F ones. This would cer-
tainly improve the fit of the P histogram, that displays a substan-
tial discrepancy for the ratio of FO to F pulsators, such that it is
too low in the simulation. In this respect one also has to consider
that we could not take into account the objects that are in the so
called OR zone of the IS, where stars pulsate FO or F depending
on where they evolved from (FO or F region). This adds an ad-
ditional uncertainty when trying to match precisely the observed
period distribution.
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Fig. 6. Comparison with observations (displayed as histograms
and filled circles with error bars) of star counts in the IS, as
a function of P (bin size of 0.025 days) and [Fe/H] (bin size
of 0.15 dex). Results for both the Zinn & West (1984) and
Carretta & Gratton (1997) [Fe/H] scales are displayed in the
middle and top panel, respectively.
Regarding the metallicity distribution, we display the re-
sults for both the ZW and CG [Fe/H] scales. On the whole,
the synthetic sample matches the observed values on the ZW
scale fairly well. The average [Fe/H] of the synthetic sample is
< [Fe/H] > = −1.88, very close to the observed one on the ZW
scale, equal to < [Fe/H]ZW > = −1.84. For comparison, the ob-
served mean value on the CG scale is < [Fe/H]CG > = −1.65
All these results are based on CMD simulations of the cen-
tral regions of the galaxy, covered by the RR Lyrae photometry.
It is impossible to constrain completely the synthetic HB mod-
els without information about the variable star population within
the IS. We can however check whether our mass loss calibration
based on the inner regions, is able to match the mean magnitudes
and observed number of HB stars in the blue, intermediate and
red boxes of Fig. 1, when the whole observed area from the cen-
tre out to an elliptical radius rell =1 deg is considered2. To this
purpose we calculated synthetic CMDs as described, considering
the appropriate SFH for the whole observed area, using the same
integrated RGB mass loss prescription of our best fit to the HB
of the inner region. As a result, we can match within 0.01 mag
the observed mean V magnitudes of stars in the three boxes, and
the empirical star counts (within the associated Poisson error) in
these three regions of the CMD.
5. Conclusions
We have performed the first detailed simulation of the HB of a
resolved dwarf galaxy, taking consistently into account the SFH
determined from MS and RGB photometric and spectroscopic
2 We cannot eliminate from the observed CMD the RR Lyrae stars
taken at random phase, located at rell >0.183 deg, because we cannot
identify them
observations, and using synthetic HB techniques usually applied
to study the HB in globular clusters. The number of HB stars pre-
dicted by our simulations is consistent with observations, within
the Poisson error on the star counts. The colour and V-magnitude
distribution of all non-variable HB stars in Sculptor is matched
well by the synthetic model, for simple choices of the integrated
RGB mass loss. This latter needs to be metallicity dependent –
with a stronger dependence than predicted by the Reimers law at
fixed η – to satisfy the observational constraints, and also must
have a very small dispersion at fixed metallicity. The magnitude,
metallicity (on the ZW scale) and period distribution of the RR
Lyrae stars are also satisfactorily reproduced, when taking into
account the current uncertainties on the IS boundaries.
There is no indication of enhanced-He subpopulations along
the HB from the V-magnitude distribution of the non-variable
and variable stars – within the uncertainty on the relative pho-
tometric zero-point. The metallicity range covered by the SFH,
as constrained by spectroscopy of RGB stars, plus a simple RGB
mass loss law, enable to cover both the full magnitude and colour
range of HB stars. There is no excess of bright objects to be
matched with enhanced-He populations. The agreement of the
synthetic model with observations dictates that any enhancement
of He – if present – has to be lower than ∆Y=0.01. The good
agreement of the synthetic sample with the [Fe/H] distribution
of the RR Lyrae stars (on the ZW scale) lend additional support
to the results of our simulations.
The lack of signatures of enhanced-He stars along the HB
is consistent with the lack of the O-Na anticorrelation observed
in Sculptor and other dwarf galaxies, and confirms the intrin-
sic difference between Local Group dwarf galaxies and globular
cluster populations.
Regarding the RGB integrated mass loss < ∆MRGB >, our
simulations suggest a very simple prescription for the case of
Sculptor, with < ∆MRGB > slowly increasing with increasing
[M/H]. We also find an extremely small spread around these
mean values. It is natural to try and compare < ∆MRGB > de-
termined from our analysis, with similar estimates in globular
clusters to assess whether, at least in case of FG stars, the RGB
mass loss is approximately the same as in this galaxy. We com-
pare here with the results by Dalessandro et al. (2011, 2013),
who used synthetic HB models (using BaSTI models) to de-
termine initial Y and mass distribution of HB stars in a few
globular clusters. For NGC 2808, a cluster with [Fe/H]∼ −1.2
([M/H]∼ −1.0, when considering a standard value [α/Fe]=0.3-
0.4), < ∆MRGB >=0.15M⊙ for FG stars, that compares well with
the value obtained for Sculptor at this metallicity. In case of M3
and M13, both with [Fe/H]∼ −1.6, the HB analysis provides
< ∆MRGB >=0.12M⊙ and 0.21M⊙, respectively. Whereas the
value for M3 is reasonably close to what we derive for Sculptor
at the appropriate metallicity (< ∆MRGB >∼0.14M⊙), the result
for M13 is obviously very discrepant. On the other hand, even
when < ∆MRGB > values are similar to Sculptor, the dispersion
around these mean values is usually larger in the globular clus-
ters. Before drawing any strong conclusions about the similarity
(or lack) of the integrated RGB mass loss in globular cluster FG
stars and dwarf galaxies, it is clearly necessary to extend analy-
ses like ours and Dalessandro et al. (2011, 2013) to much larger
samples of objects.
In summary, our results show that in case of Sculptor a sim-
ple mass loss law is able to explain the observed detailed HB
morphology. The next obvious step is to verify whether synthetic
HB models with the same mass loss law can reproduce the HB
of other resolved dwarf galaxies, with well established and di-
verse SFHs. If this is the case, the combined analysis of the RGB
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(strongly affected by the initial metallicity) and the HB in distant
galaxies where only these phases can be resolved, will be able
to provide constraints on the age and metallicity distributions of
their oldest populations.
Finally, as a byproduct of our simulations, we have been able
to compare the observed magnitude of the RGB bump with the-
ory. As detailed in the appendix, we find a discrepancy between
observed and theoretical RGB bump, consistent with results for
Galactic globulars, that point towards a too bright bump in stellar
models, at least for intermediate metallicity and metal poor clus-
ters. This is at odds with recent results by Monelli et al. (2010)
for Sculptor, that were however based on older photometric data.
We are able to explain the difference with our results for this
galaxy, but the analysis of the RGB bump brightness in dwarf
galaxies clearly deserves further detailed investigations.
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Appendix A: The RGB bump of Sculptor
The RGB bump is produced when the advancing H-burning shell
encounters the H-abundance discontinuity left over by the outer
convection at its maximum depth reached during the first dredge-
up. The consequent sudden increase of the H-abundance in the
shell alters the efficiency of the H-burning shell, and causes a
temporary drop in the surface luminosity. After the shell has
crossed the H-abundance discontinuity, the luminosity starts to
increase again. As a consequence, a low-mass RGB star crosses
the same luminosity interval three times, and a bump (a local
maximum) appears in the star counts per magnitude bin (see,
i.e., Iben 1968; Salaris & Cassisi 2005).
The analysis of the photometry by Majewski et al. (1999)
disclosed the presence of two distinct RGB bumps; a bright blue
bump at V∼19.3-19.4, and a faint red bump one at V∼20.0-
20.1. Figure A.1 displays our differential and cumulative RGB
luminosity functions for Sculptor RGB and AGB stars, with
rell <0.183 deg. The break in the slope of the cumulative lu-
minosity function displayed by dashed lines, points to the loca-
tion of the RGB bump (Fusi Pecci et al. 1990). This is strongly
corroborated by the CMD of Fig. A.2, that displays along the
RGB a tilted strip with a strong concentration of stars, approx-
imately centred around the magnitude of the break in the slope
of the luminosity function. We thus find a single, very extended
– in both V and (B-V) – and continuous bump region whose
ridge line is marked in Fig. A.2. The magnitude range agrees
approximately with the brightness of the fainter bump claimed
by Majewski et al. (1999). The bump gets fainter towards red
colours as expected, given that more metal rich populations are
redder along the RGB and have a fainter bump (at constant age).
The spread of the bump over a large range of magnitudes makes
the feature somewhat not well defined in the differential lumi-
nosity function.
We do not find any signature of an additional bump at
V∼19.3-19.4, as it is quite clear by just examining the CMD,
although we find a discontinuity in the slope of the cumulative
luminosity function at V∼19.4 – approximately the magnitude
of the bright bump claimed by Majewski et al. (1999) – that we
are going to discuss later.
Fig. A.1. Differential (lower panel) and cumulative (upper panel)
RGB luminosity functions for Sculptor RGB and AGB stars,
with rell <0.183 deg. The break in the slope of the cumulative
luminosity function (dashed lines) points to the location of RGB
bump, whose average magnitude is marked in both panels by
vertical dotted lines. The thick solid mark denotes a disconti-
nuity in the slope of the cumulative luminosity function, the we
ascribe to the appearance of the AGB clump (see text for details).
Figure A.2 also displays the ridge line of the bump region
from our simulations calculated with the galaxy SFH. There is a
clear offset of ∼0.35 mag in V, where the theoretical is brighter.
Notice that there is no freedom to shift the simulated CMD to
fainter magnitudes, because it would destroy the agreement of
the synthetic HB with observations. Using the simulated CMD
as a guide, the colour range of the observed bump corresponds
to [Fe/H] values ranging between ∼ −1.5 and ∼ −2.0. This dis-
agreement is consistent with the discrepancy found in a sample
of Galactic globular clusters, in approximately the same metal-
licity interval, by Di Cecco et al. (2010); Cassisi et al. (2011)3.
A previous analysis by Monelli et al. (2010) compared the
difference between the V magnitude of the RGB bump and
the HB at the level of the RR Lyrae instability strip (taken at
the ZAHB) ∆VbumpHB observed in Sculptor, with results from the
BaSTI models. They used data from the literature that were
available at that time, and considered two values of ∆VbumpHB , as-
sociated to the two bumps found by Majewski et al. (1999). As
mentioned before, we do not find any trace of the bright bump in
our adopted photometry (and there is no double RGB bump in
the synthetic CMDs either), and we speculate that this may cor-
respond to the asymptotic giant branch (AGB) clump, that marks
the first ignition of the He burning shell around the inert CO core.
Essentially AGB stars begin to contribute more substantially to
3 Synthetic CMDs considering the appropriate SFH for the whole
observed area within rell =1 deg, confirm that the theoretical RGB bump
is systematically brighter than the observed one, and the position of both
bumps is substantially the same as for the case of rell <0.183 deg
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Fig. A.2. Sculptor CMD for RGB stars around the bump (for
rell <0.183 deg). The solid line marks the ridge line of the ob-
served bump region; the dashed line denotes the ridge line of the
bump for the synthetic sample of RGB stars.
the population of red giants from the level of the clump, when
the evolutionary speed tends to (relatively) slow down.
Figure A.3 displays a synthetic CMD for the population with
rell=0.183 deg – and approximately the same number of stars as
observed – compared to the observations. The dotted horizontal
line marks the magnitude of the discontinuity of the RGB+AGB
cumulative luminosity function, brighter than the RGB bump,
disclosed by Fig. A.1. The AGB clump in the synthetic diagram
appears in the region (B-V)∼0.70-0.75, on the blue side of the
RGB, and V∼19.1-19.4. 4 The dotted line essentially marks the
lower envelope of AGB clump stars and agrees with the magni-
tude of the brighter and bluer bump claimed by Majewski et al.
(1999).
Let’s consider the case of the fainter bump, roughly con-
sistent with the bump region found in our data, that gives
∆VbumpHB =−0.35±0.21 This was derived from Majewski et al.(1999) data, by considering the ZAHB level of the red HB –
that agrees with our CMD – and the faint bump, and an av-
erage [M/H]−1.30±0.15 from Kirby et al. (2009). With these
values and associated error bars, the observed ∆VbumpHB appears
broadly consistent with theoretical models, for ages between 10
and 14 Gyr (see Fig.5 of Monelli et al. 2010). Our analysis sug-
gests instead that the theoretical ∆VbumpHB is smaller than observa-
tions (the theoretical bump is too bright with respect to the HB
level, taken as reference).
The difference with our result may be traced back to a com-
bination of factors. First of all, [Fe/H] for the stars that define the
bump region, turns out to lie in the range −2.0 < [Fe/H] < −1.5.
The [α/Fe] values from the SFH, combined with these [Fe/H],
give a range of [M/H] values lower than the [M/H]−1.30±0.15
4 The clump appears slightly better defined, at the position predicted
by the simulations, in the observed CMD of the whole region with
rell <1 deg.
Fig. A.3. Synthetic CMD for stars around the bump and AGB
clump (left panel – SFH for rell <0.183 deg), compared with
observations (right panel). The ridge lines of both observed and
synthetic RGB bumps are also marked (solid and dashed lines,
respectively). The AGB clump is the feature on the blue side of
the RGB, in the range V∼19.1-19.4 and (B-V)∼0.70-0.75. The
dotted line marks the level of the discontinuity of the slope of the
RGB+AGB cumulative luminosity function (see text for details).
assumed by Monelli et al. (2010), and hence a brighter theoreti-
cal bump. In second instance, our HB simulations show that for
the red HB (stars within the red box in our analysis) the ZAHB
level, taken as lower envelope of the observed stellar distribu-
tion, is determined by the more metal rich population, at vari-
ance with the metallicity range that dominates the bump region.
Both these factors go in the direction of reducing the theoretical
∆VbumpHB to be used against the observed value, compared to the
theoretical values in Monelli et al. (2010) study.
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